Alterations in axonal caliber and neurofilament content have been associated with altered neurofilament transport in several models of neurofibrillary degeneration.
Abstract
Alterations in axonal caliber and neurofilament content have been associated with altered neurofilament transport in several models of neurofibrillary degeneration. Acrylamide intoxication provides a prototype of distal axonal degeneration, the most frequent pattern of axonal pathology in human and experimental neurotoxic injury. Neurofibrillary changes are a variable and often minor aspect of the early pathological changes observed in acrylamide intoxication, and previous studies of slow axonal transport have produced conflicting results. In this study, we have correlated slow axonal transport, specifically neurofilament transport, with structural changes in the sciatic nerve complex of rats exposed to acrylamide.
To study direct toxic effects of acrylamide, young rats were given a single dose of acrylamide (75 mg/kg, i.p. of caliber in proximal axons. We suggest that these early changes represent a direct toxic effect of acrylamide on slow transport, whereas the later changes reflect reordering of slow transport as a neuronal response to toxin-induced axonal injury. This latter effect is of sufficient magnitude to obscure the acrylamide-induced retardation of slow transport.
Progressive degeneration of the distal regions of long axons (dying back) is the predominant pathological change occurring in a variety of human and experimental disorders produced by heritable factors, metabolic abnormalities, and toxins (Cavanagh, 1964; Spencer and Schaumburg, 1976) . The roles of axonal transport abnormalities in the pathogenesis of distal axonal degeneration and their predegenerative pathological changes have been areas of intense study. Acrylamide neurotoxicity has provided a prototypical model of toxininduced distal axonal degeneration (Fullerton and Barnes, 1966) . Although controversy still exists, it now seems clear that acrylamide administration produces abnormalities of the fast bidirectional transport systems, particularly within distal regions of the axon (Sahenk and Mendell, 1981; Jakobsen and Sidenius, 1983; Miller et al., 1983) .
Studies of slow axonal transport have produced conflicting results. The initial report of a major impairment in slow transport (Pleasure et al., 1969) has not been confirmed (Bradley and Williams, 1973) . Recently, Sidenius and Jakobsen (1983) reported that, in animals with established acrylamide neuropathy, there is a decreased amount of radiolabel within slow component a (SCa), which includes the neurofilament triplet proteins (Lasek and Hoffman, 1976) . However, slow component b (SCb), consisting mostly of tubulin and actin in the sciatic nerve (Hoffman and Lasek, 1980 ) appeared normal. It should be emphasized that, with one exception (Miller et al., 1983) , all of the axonal transport studies were performed following prolonged periods of exposure to acrylamide and involved animals with weakness or paralysis in the hindlimbs. Thus, the presence of axonal degeneration may complicate the interpretation of these studies.
To differentiate early, presumably direct, effects of acrylamide on slow axonal transport from later changes arising secondary to chronic neuropathy, we examined the effects of a single injection of acrylamide on slow transport and compared these findings with the effects of continuous administration for a period sufficient to induce distal axonal degeneration.
The distribution along the nerve of individual labeled slow component proteins was correlated with morphometric studies of axonal caliber and neurofilament content. Morphological studies were focused on regions of nerve fibers nearest neuronal cell bodies (i.e., the proximal ventral root and dorsal root near the dorsal root ganglia), since any alteration in the balance between delivery of neurofilaments from the cell body and their Gold et al. Vol. 5, No. 7, July 1985 (Griffin et al., 1984) . Counts obtained from aliquots of the resultant solution were used to construct graphs of the distribution of slowly transported proteins along the nerve. Samples of each homogenized nerve were also applied in sequence to single tracks on a polyacrylamide slab gel (gradient 5 to 17.5%). Following electrophoresis, the gels were fixed, stained with Coomassie blue, and dried. Radioactivity in the bands was visualized by gel fluorography.
To determine the distribution of individual slow component proteins along the nerve, specific bands were cut out of each track, dissolved, and counted as previously described (Griffin et al., 1984) . The 145kilodalton (kd) neurofilament protein was chosen for detailed analysis because, on one-dimensional gels, it is the most clearly distinguishable of the neurofilament triplet proteins.
We have not directly addressed transport rate in this paper, since only one time point was studied, and we cannot rule out the possibility of a temporary stasis of outflow as opposed to a change in rate. Analysis of multiple time determinations was not possible in this study due to concerns about reversibility of changes at longer intervals (see above) and inadequate reliability of the ventral root at shorter times (see below). Comparison of the kinetics of slow transport can be performed by expressing the distribution of the radioactivity along the nerves in terms of their "half-velocity," defined as the distance in millimeters reached by half the radioactivity in a specific protein, divided by the time after labeling in days (Griffin et al., 1984) . Cumulative plots were drawn of the amount of radioactivity per segment of nerve for the whole slow component and for each protein of interest (see ( Vol. 5, No. 7, July 1985 -figure 6 . High power electron micrographs of typical large myelinated fibers from a control 4-week-old rat (A) and a 5-week-old rat intoxicated with acrylamide (B). Note that the fiber from the acrylamide animal contains more densely packed neurofilaments than does the normal fiber. Magnification x 48,240. whole slow component did not demonstrate striking differences between experimental and control animals in the extent of slow axonal transport (Fig. IA) . However, in acrylamide-intoxicated animals, the leading edge of radioactivity did not extend as far distally along the nerve as it did in age-matched controls. Cumulative graphs of radioactivity (Fig. 1 D) , calculated from these data, demonstrated a slight shift to the left in acrylamide-intoxicated animals, suggesting a modest decrease in the distance (or extent along the nerve) of slow transport.
To determine whether a selective defect existed in the transport of individual slow component polypeptides, fluorograms of gels from control and acrylamide-intoxicated animals were compared (Fig. 2,  A and f3) . As in graphs of whole nerves (Fig. 1, A and D) , visual inspection disclosed a modest difference in the extent of radiolabeling of individual protein bands. Normalized plots of the 145kd neurofilament protein (Fig. 1 B) and tubulin ( Fig. 1 C) demonstrated a modest decrease in the extent of radiolabeling along nerves of the acrylamide-intoxicated animals. When data were displayed cumulatively, a shift to the left was demonstrated for both polypeptides (Fig. 1, E and F) . The distribution of half-velocities (Fig. 3) for the 145-kd neurofilament protein, tubulin, and the whole slow component showed a trend toward slower rates of transport in all nerves; mean half-velocities (Table I) were reduced for these two polypeptides and for the whole slow component. Inspection of fluorograms confirmed that there was a similar decrease in distances of transport for all slow component polypeptides.
Morphometric studies. Structural correlates of this change in slow transport were assessed in morphometric studies. Light microscopy of proximal portions of L5 ventral roots suggested a slightly larger caliber of fibers from acutely intoxicated animals as compared with age-matched controls (Fig. 4) . Histograms of axonal diameters determined from these fibers (Fig. 5A ) demonstrated a consistent, mild Shift toward greater diameters in large myelinated axons from acrylamide-intoxicated animals. Mean diameters for large myelinated axons were significantly increased (p < 0.05). Control values were 5.16 pm, and experimental values were 5.65 pm-a 20% increase in mean axonal area in acrylamide-intoxicated animals. Whereas the largest axons obtained from control animals did not exceed 6.7 pm in diameter, 7% of axons from acrylamide-intoxicated animals achieved a diameter greater than that of the largest control, reaching diameters up to 7.4 pm. Although mean diameters for small myelinated axons were also significantly increased (p < 0.05; data not shown), this was not apparent upon inspection of histograms (Fig.  5A) , and neurofilament content was unaltered (see below). Moderately large axonal swellings containing densely packed neurofilaments were also observed in some dorsal root fibers near cell bodies of dorsal root ganglia (data not shown).
To determine whether these changes in diameter occurred locally or extended all along the length of the nerve, we repeated the morphometric analysis in distal regions of the L5 ventral root. In this region, the distribution of fiber sizes was identical between control and acrylamide nerves (Fig. 5B) . Mean axonal diameters and fiber diameters (data not shown) for both small and large myelinated axons were not significantly different between acrylamide-intoxicated animals and controls.
Ultrastructural studies. Large myelinated fibers in L5 ventral roots of acrylamide-intoxicated animals appeared to have more densely packed neurofilaments within their axoplasm than did fibers from age-matched controls (Fig. 6 ). Neurofilaments and microtubules often appeared maloriented in fibers from acrylamide-intoxicated animals. In control animals, neurofilament density was the same in fibers of all sizes (Table II, 'n = number of fibers. dp < 0.05. a significant correlation (r = 0.99; p < 0.05) in neurofilament density (i.e., slope of the line) between large and small fibers (Fig. 7A) . In proximal roots of acrylamide-intoxicated animals, mean neurofilament density and total number of neurofilaments (Table  II (Table  II) ; increase in the slope of the regression line (i.e., neurofilament density) in fibers of Vol. 5, No. 7, July 1985 Chronic intoxication Clinical manifestations. All chronically Intoxicated acrylamrde animals showed mild clrnical signs by 17 days after the first injection of the toxin, i.e., at the time of isotope labeling. Animals demonstrated mild ataxia, wide gait, and low stance in the hindlimbs. Between the third and fourth week of intoxication, animals became extremely weak. Acrylamrde administration was discontinued during the last 5 days of study, during which time the animals' conditions continued to worsen.
Axonal transport
Chronically intoxicated animals displayed striking alterations in the pattern of slow axonal transport. Typical examples of gel fluorographs from control and acrylamide-intoxicated animals are illustrated in Figure 9 , A and 13, respectively; the distribution of radrolabeling in these two nerves for tubulin, actin, and the 145.kd neurofilament protein are shown in Figure 10 , A and B, respectively. Examination of gel fluorograms (Fig. 9A) and plots of radioactivity from control animals (Fig. IOA) revealed a normal pattern 12 days after labeling; the faster-moving fraction of tubulrn and actrn (SCb) separated from the slower moving (SCa) polypeptides which include the 145kd neurofilament protein. Acrylamide-intoxcated animals (Figs. 9B and 10B) displayed two important differences from controls First, the distribution of tubulin and actin shifted relative to controls in that the more distal portion of the nerve from experimental animals showed a heavier amount of labeling at this time (i.e., there was an increase in the transport velocity for these polypeptides). SCb marker proteins also demonstrated a greater extent of radiolabelong in the distal part of the nerve (cf. Fig. 9, A and B) . Second, when compared to controls, the 145-kd neurofilament protein in acrylamrde-intoxicated animals showed much less relative radiolabeling than did tubulrn and actin (cf. Figs. 9, A and B, and 10, A Figure 8 . Electron micrograph of a proximal giant axonal swelling from a dorsal root fiber within the dorsal root ganglia. A 3-week-old rat was given a and B). Neurofilaments (145.kd neurofilament protein-to-tubulin rasingle injection of acrylamide (75 mg/kg, i.p.) followed by daily injections (30 tios) were significantly reduced (p < 0.05; t test) from 0.34 + 0.036 mg/kg, i.p.) for a total of 10 days. Note the large size of the axon, the relative in the control animals to 0.19 f 0.038 in acrylamide-intoxicated thinness of the myelin sheath, and the numerous neurofilaments within the animals, representing a 44% decrease in relative neurofilament axoplasm. Such giant swellings were only occasionally observed. Magnifi-labeling. However, there was no apparent alteration in the distance cation X 4,370. of transport (as seen from the distribution of radioactivity (Fig. 10) ) of the 145-kd neurofilament protein.
Morphology. At the time of the transport study, pathological changes were most prominent at the level of the dorsal root ganglia all sizes from acrylamide-intoxicated animals reflects the increase in (Fig. 11) . Dorsal root fibers demonstrated a marked decrease in neurofilament density in large fibers (Fig. 7B) .
caliber which was most apparent near their cell bodies ( Fig. 11 B) ; In distal ventral roots of control animals, the mean neurofilament axonal atrophy was recognized by the relative small size of axons density was the same in fibers of all sizes (r = 0.97; p < 0.05) and and the crenated appearance of the myelin sheath. At a slightly there were no significant differences in neurofrlament density or total more rostra1 level of the L5 dorsal root (-1 mm) (Fig. 12) axonal number of neurofilaments between proximal (Table II) and distal atrophy was still appreciable within the dorsal root. In more rostra1 (Table Ill) portions of ventral roots. When control and acrylamideregions, caliber appeared normal. intoxicated animals were compared, there were no significant differAt this time, axonal degeneration was present in distal portions of ences in mean neurofilament density or total number of neurofilanerves of chronically intoxicated animals. Electron microscopy rements in either large or small myelinated fibers from the distal portion vealed a mixture of both normal-appearing ( Fig. 13A ) and denerof the L5 ventral root (Table Ill, Fig. 7, C and D) . The relationship vated (Fig. 13B ) neuromuscular junction and muscule spindles (Fig. between neurofrlament number and axonal diameter for the large 13C) of the hindfeet. Axonal swellings, characteristic of chronic fibers in acrylamrde-intoxicated animals showed a nonsignificant acrylamrde Intoxication, were observed within intramuscular nerve correlation (r = 0.55). Examination of data on acrylamide-intoxicated branches (Fig. 130) . animals ( Fig. 70) revealed that, at a given fiber size, axons may show an abnormal increase or decrease in the total number of Discussion neurofrlaments, suggesting at least two different relationships.
Direct toxic effects of acrylamide. Acute acrylamide intoxicatron Typical giant neurofilamentous axonal swellings were produced in causes a mild increase in axonal diameter in the proximal portion of rats given a single high dose (75 mg/kg, i.p.) of acrylamide followed large myelinated fibers. These proximal axonal enlargements contain by daily injections at a lower level of intoxication (30 mg/kg, i.p.) for an increased density of neurofilaments. A few fibers form typical a total of 10 days. These changes were observed in dorsal root giant axonal swellrngs. Taken together, the increased size and fibers near cell bodies of dorsal root ganglia (Fig. 8) .
increased neurofilament density reflect a substantial increase (70%) At this time, axonal degeneration was not observed in distal in neurofilament content within the proximal portion of large myelinnerves, in intramuscular nerve branches, or at neuromuscular juncated fibers. At this time, alterations in caliber and neurofrlament tions density do not extend into more distal regions of the nerve. We animal IS srmrlar to that observed followrng axotomy (Hoffman and Lasek, 1980) .
suggest that the proximal neurofilamentous change is the structural correlate of the slow transport defect, reflecting continued delivery of neurofilaments from the cell body but retarded movement down the axon.
This retardation, a 20 to 25% decrease in the distance of slow transport, involved all slow component proteins equally. This alteration differs both quantitatively and qualitatively from changes described in previous studies of toxic neurofibrillary disorders. In contrast to the general effects of acrylamide on transport of individual slow component proteins, other agents appear to be more selective. Colchicine preferentially impairs transport of tubulin (Komiya and Kurokawa, 1980) whereas P,P'-iminodipropionitrile and 3,4-dimethyl-2,5-hexanedione (DMHD)-agents which produce prominent large neurofilamentous swellings In proximal axons-retard transport of neurofrlament tnplet proteins selectively and severely (75 to 90%) (Griffin et al., 1984) . The alteration in transport followrng acrylamide intoxication IS quote modest in comparison with the alteration after these agents, and it IS unlikely that such a modest alteration in the rate of slow transport could, in itself, lead to distal axonal degeneration following prolonged acrylamide intoxication. However, there is evidence to suggest that fast axonal transport may be compromised following chronic (Sahenk and Mendell, 1981; Jakobsen and Sidenius, 1983) or acute (Miller et al., 1983) acrylamide exposure. Thus, the distal axonal degeneratron occurring in acrylamide intoxication may result from an effect upon multiple components of axonal transport. An alteration in energy metabolism has been suggested 1764 Gold et al. Vol. 5, No. 7, July 1985 Control Figure 70 . 
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A 145 kd as one mechanism of toxicity (Spencer and Schaumburg, 1977;  In the present model, neurofilamentous axonal swellings arose Spencer et al., 1979; Cavanagh, 1982) and there is some experiwithin the proximal portion of large myelinated fibers following a mental evidence supporting an inhibition of some glycolytic (Howsingle high dose of acrylamide. This differs from chronic models in land et al., 1980; Howland, 1981) and oxidative (Sickles and Goldwhich acrylamide produces distal neurofilamentous axonal swellings stein, 1985) enzymes. Thus, acrylamide could produce its neurotox- (Prineas, 1969; Suzuki and Pfaff, 1973; Schaumburg et al., 1974 ; icity by a direct toxic effect upon mechanisms of transport or by Spencer and Schaumburg, 1974, 1977) . Studies on DMHD (Anthony causing a defect in energy metabolism and a general compromise et al., 1983a, b) suggest that the distribution (proximal versus distal) of many energy-dependent cellular functions, including axonal transof neurofilamentous axonal enlargements depends upon the relative port. Acrylamide may be relatively weak in terms of its ability to impair by gel fluorography, but there was no accumulation of microfilaneurofilament transport and produce axonal swellings, but a suffiments. Thus, despite an increased abundance of these two proteins cient dose can produce proximal swellings.
within the proximal portion of the ventral root, electron microscopy Cytoskeletal changes associated with the generalized retardation did not reveal an increase in the polymerized forms of these cytoof the slow component were restricted to neurofilaments. Tubulin skeletal proteins (i.e., microtubules and microfilaments). This may was severely retarded in its rate of transport, but an increase in be due to the capacity of microtubules and actin filaments to microtubules was not observed. Actin was also retarded, as shown disaggregrate and be transported as soluble subunits within the Vol. 5, No. 7, July 1985 F/gure 72. Light mlcrographs of dorsal root fibers of the L5 dorsal root ganglia of control (A) and chronically acrylamlde-intoxicated (B) 7-week-old rats. These sections are taken from the same animals at a slightly more rostra1 level of the L5 dorsal root than those in Figure 11 . Note that these fibers are still atrophic, although the degree of atrophy is less than that observed closer to the cell bodies. Epon sections (1 pm) were stained with toluidine blue; x 1,150.
axon (Morris and Lasek, 1984) . In contrast, neurofilament triplet proteins appear to exist in the axon only as the assembled organelle (Lasek and Hoffman, 1976; Morris and Lasek, 1982) , undergoing degradation at nerve terminals by calcium-activated proteases (Lasek and Hoffman, 1976; Roots, 1983) . Thus, the ability to regulate the polymerization of tubulin and actin along the length of the axon may account for the lack of structural correlates for the decreased rate of transport of these polypeptides.
Secondary alterations following chronic acrylamide intoxication. Alterations in slow axonal transport observed following chronic acrylamide intoxication closely resemble those produced by ax otomy (Hoffman and Lasek, 1980; Hoffman et al., 1984) . The distance of transport for tubulin and actin were increased, as demonstrated by the greater amount of these polypeptides which moved with the faster SCb phase of transport. The spectrum of velocities (front, peak, tail) over which the neurofilaments were transported was not altered, although the curves suggested a faster overall rate because of the reduction in the height of the peak; normally, the peak occurs closer to the tail. The decrease in the relative amount of neurofilament triplet proteins suggests a reduction in perikaryal synthesis and/or delivery of neurofilament proteins to the axon. Our present results cannot differentiate between these two possibilities. Experiments are in progress to determine whether there is an alteration in synthesis of neurofilaments in dorsal root ganglia cells from chronic acrylamide-intoxicated rats. The reduction in the amount of neurofilament proteins entering the axon is presumably the basis for the decreased amount of labeling in SCa in acrylamide neuropathy found by Sidenius and Jakobsen (1983) . We believe these changes are due to neuronal response to acrylamide injury and represent a reordering of SCb synthesis and transport.
The proximal axonal atrophy found in the present study IS also a feature of axotomized nerves (Gutmann and Sanders, 1943; Cragg and Thomas, 1961; Aitkin and Thomas, 1962; Carlson et al., 1979; Hoffman et al., 1984) and is the structural correlate of the decrease in the amount of neurofilament transport. Previous studies have established that axonal caliber is correlated with neurofilament content in normal nerves (Friede and Samorajski, 1970; Weiss and Mayr, 1971; Berthold, 1978) . Recently, Hoffman et al. (1984) have demonstrated that the decrease in caliber following axotomy is correlated with neurofilament content. Axonal atrophy commences in the most proximal region of the axon and propagates distally with time, advancing down the nerve at the rate of slow transport and correlating with a decrease in neurofilament proteins entering axons. This change in caliber is reversible; when regenerating axons reach their target organs, the transport of neurofilament triplet proteins returns to normal, and axonal caliber is re-established (Kuno et al., 1974; Hoffman et al., 1984) .
In a fashion similar to that observed following axotomy (Hoffman et al., 1984) , the dorsal roots of experimental animals show reductions in axonal caliber. This atrophy was of greatest magnitude in regions nearest neuronal cell bodies. At the times examined, ventral roots did not change in caliber; this difference between sensory and motor fibers may reflect an earlier onset of axonal degeneration in sensory nerves (Schaumburg et al., 1974; Spencer and Schaumburg, 1974; Cavanagh, 1982) . That these alterations in transport and caliber reflect secondary changes following distal axonal degeneration is supported by the finding at this time of degeneration of (Prineas, 1969 , Schaumburg et al., 1974 . Magnification x 31,000. axons in la afferent and motor nerves. However, it is possible that release of transmitter at the neuromuscular junction without producthese alterations in transport and caliber may arise prior to structural ing axonal degeneration. degeneration of the axon. A similar change in axonal caliber, deterConclusion. Studies of acute and chronic acrylamide intoxication mined electrophysiologically, has been observed following botulinum demonstrate quite divergent changes in transport and caliber and toxin (Stanley et al., 1984) a compound which prevents the vesicular emphasize the close association between slow axonal transport,
